the probability should be quantitatively determined as a percentage of from 0 to 100% [10] . However, reliable quantitative determination of groundwater pollution risk is difficult as it depends on many factors, some of the mhardly measurable, and thus assessments of groundwater pollution risk are usually qualitative instead quantitative. Some groundwater pollution risk assessments focus on the risk stemming from only one specific source of pollution, for example nitrates derived from agricultural fertilization [11] [12] [13] [14] [15] [16] [17] [18] [19] , waste disposal sites [20, 21] , or even biofuel-related land use [22] .
Aiming at a final, reliable groundwater pollution risk assessment, researchers often focus on the result of the uncertainty evaluation of this risk assessment.
Locally measured nitrate concentrations are usually taken as an indicator of current degradation of groundwater quality, such as in [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this way, a purely theoretical possibility of occurrence of an unwanted event is linked with real facts. The approach to reducing the degree of uncertainty of groundwater pollution risk assessment is usually done by validation of data and factors affecting this risk. As a result of validation, researchers modify the primarily accepted original method of assessment of intrinsic vulnerability of groundwater to pollution, usually by changing the weights of selected factors or by introducing additional factors or parameters affecting this risk, such as in [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this way, (i) there is an intentional or unintentional shift from the assessment of intrinsic vulnerability to a specific one, (ii) the result obtained by the modified method of groundwater pollution risk assessment becomes closer to the observations of the current concentrations of specific compounds, usually nitrates, but as a result it is an assessment of groundwater-pollution-specific risk instead of an assessment of the overall risk of groundwater pollution arising from any potential factor.
When analysing the risk in large areas, it is difficult to assess the impact of all potential points or local sources, which are of importance only on a local scale. Usually, aggregation of these sources into groups is used. Nevertheless, in areas with smaller surfaces, groundwater pollution risk assessments are performed, including detailed separation of many types of potential anthropogenic sources of groundwater pollution. A detailed list of many such sources of pollution together with the proposal of relevant weights of potential harmful impacts on groundwater quality is given by [1] , among others.
The presented research aimed at a qualitative assessment of groundwater pollution risk employing the intrinsic vulnerability of groundwater to pollution and potential impact of land use forms in the study area. To perform this risk assessment, the authors' own qualitative classifications of the potential impact of major forms of land use on groundwater quality and groundwater pollution risk have been proposed. With the aim of increasing the universality of the adopted approach and classifications, the study concerns the assessment of the overall risk of pollution and not risk specifically related to selected compounds, such as nitrates, and the study area selected was one where hydrogeological conditions and land use forms are typical of European plains. Another objective was the presentation and analysis of the spatial relationships between the obtained result of the groundwater pollution risk assessment and the main factors taken into account in this risk assessment.
Materials and Methods

Study Area
The study area of 443.5 km 2 is located in southeastern Poland and constitutes the northwestern fragment of the Wisłok River catchment (Fig. 1) . The Quaternary porous aquifer is recharged mainly through rainfall infiltration [23] . Data obtained from the Institute of Meteorology and Water Management (Poland) show that in the years 1996-2016, the average annual rainfall was 690 mm in this area. The groundwater table is mostly unconfined. The confined head is observed only in the southern part of the research area, where loess and silts appear in the unsaturated zone weakly permeable loams [23] . Agricultural areas constitute 63% and forests 13% of the area [24] .
Method
The groundwater pollution risk was determined qualitatively based on the approach applied by [1] , among others, but in a significantly simplified manner. Two factors were assumed to be decisive, that is, potential impact of land use forms and the intrinsic vulnerability of groundwater to pollution (Fig. 2 ). Particular degrees of potential impact of land use forms on groundwater quality in this study were ranked from 1 to 3, with the highest rating for the most adverse impact, that is, the most harmful one ( Table 1) . Vulnerability of groundwater to pollution was ranked as 1 to 4, with the highest rating for the highest vulnerability grade. The classification of potential impacts of major forms of land use on groundwater quality assumed in this study is presented in Table 2 .
The classification of the overall risk (R) of groundwater pollution proposed by the authors has four grades: very high, high, moderate, and low (Table 3 , 
where L is the rank of potential impact of land use forms on groundwater quality, V is the rank of intrinsic vulnerability of groundwater to pollution, and ratings for both factors are evaluated on the basis of the assumed classification ( Table 1) .
The approach to the classification of the overall risk of groundwater pollution is that for areas with the same degree of intrinsic vulnerability of groundwater to pollution, the resultant overall risk of groundwater Table 1 ; rating of risk (R) in accordance with Formula 1 and Table 3 . Table 1 . Factors accounted for in the groundwater pollution risk assessment (based on [1] , simplified) and their classification; the grades of potential impact of land use forms and their ratings, and ratings of particular grades of vulnerability of groundwater to pollution adopted by the authors.
Factor
Grade Rating pollution will be higher where the degree (and rating) of the adverse impact of land use forms on groundwater quality is higher ( Table 3 ). The spatial variability of groundwater pollution risk is determined in geographic information system (GIS) by overlaying the map of potential impacts of land use on the map of intrinsic vulnerability of groundwater to pollution (Fig. 2 ). The summation indicated by Formula (1) is implemented by overlapping layers with spatial distributions of both factors and then summing up the scores within the boundaries of individual polygons resulting from the intersection of the boundaries of sub-areas with individual ratings. In the proposed approach to groundwater pollution risk assessment, the method adopted for the assessment of the intrinsic vulnerability of groundwater to pollution (factor V) was not modified. The potential impact of land use forms (factor L) that may lead to deterioration of groundwater quality in the analysed area is a reflection of the spatial and temporal nature of the harmful pressure of land use forms ( Table 2 ).
The harmful pressure of land use results only from the form, type and amount of the mass load of chemical compounds, which for various reasons can potentially migrate from the ground surface to the groundwater. In factor L, therefore, no other parameters are taken into account, such as the recharge from effective infiltration of rainfall, which is dependent on the land cover, for example.
The analyses were based on the land use source data acquired from the Corine Land Cover system [24] . The land coverage specified for the analysed study area was reclassified with GIS to adjust the land use forms to the assumed classification. In the risk assessment of groundwater pollution, point contamination sources were omitted, as they are significant only on a local scale, while the vulnerability of groundwater to pollution is evaluated on supra-local or regional scale, in general.
To perform the assessment of the intrinsic vulnerability of groundwater to pollution in the study area, the DRASTIC method was applied [25] . Its original version adopts seven factors: depth to the Table 2 . Classification of potential impact of land use forms on groundwater quality (the authors' own elaboration).
Impact
Characteristics Table 3 . Classification of the groundwater pollution risk (the authors' own elaboration); ratings of the vulnerability of groundwater to pollution (V) and the potential impact of land use forms (L) according to Table 1 ; classification of potential impact of land use forms on groundwater quality according to Table 2 ; (n): rating.
Risk
Characteristic Rating
Very high Areas of very high intrinsic vulnerability of groundwater to pollution (4) where land use forms with adverse impacts on groundwater quality are located (3) 7 High Areas of high intrinsic vulnerability of groundwater to pollution (3) where land use forms with adverse impacts on groundwater quality are located (3) 6 Areas of very high intrinsic vulnerability of groundwater to pollution (4) where land use forms with potentially adverse impacts on groundwater quality are located (2)
Moderate
Areas of moderate or low intrinsic vulnerability of groundwater to pollution (2 or 1) where land use forms with adverse impacts on groundwater quality are located (3) 4-5 Areas of high or moderate intrinsic vulnerability of groundwater to pollution (3 or 2) where land use forms with potentially adverse impacts on groundwater quality are located (2) Areas of very high or high intrinsic vulnerability of groundwater to pollution (4 or 3) where there is a lack of land use forms with adverse impacts on groundwater quality (1)
Low
Areas of low intrinsic vulnerability of groundwater to pollution (1) where land use forms with potentially adverse impacts on groundwater quality are located (2) 2-3 Areas of moderate or low intrinsic vulnerability of groundwater to pollution (2 or 1) where there is a lack of land use forms with adverse impacts on groundwater quality (1) groundwater table (weight 5); net recharge, that is, effective precipitation infiltration (4); aquifer media (3); type of soil (2); terrain surface topography (1); impact of lithology of unsaturated zone (5) ; and hydraulic conductivity of soil or rock in aquifer (3) . The ratings of particular factors are from 1 to 10, so after multiplication by their weights the full range of the DRASTIC index is 23-226 [25] . A short presentation of this method is given by [26] , among others. In the presented study, DRASTIC was used as the method of assessment of vulnerability of groundwater to pollution on the basis of analysis of comparative test results of various methods carried out by [17, [27] [28] [29] . The method operates with seven factors along with their detailed division, allowing for the proper selection of the rating [25] . It makes it possible to properly model the hydrogeological conditions that characterize, in particular, the porous medium − as in the study area. This method is still frequently applied to the assessment of vulnerability of groundwater to pollution; for example, it was used in [3, 11, 26, [30] [31] [32] [33] , and others. The authors of the DRASTIC method did not give the relationship between the index ranges and the appropriate degrees of intrinsic vulnerability of groundwater to pollution. Therefore, in this research, the author's own ranges of the DRASTIC index were adopted and are referred to the four degrees of vulnerability of groundwater to pollution accepted by the authors. A linear, four-grade partition of the full range of the DRASTIC index values was assumed and referred to the classification of the intrinsic vulnerability of groundwater to pollution: index values of 23-75 refer to low or very low vulnerability; 76-125 to moderate vulnerability; 126-175 to high vulnerability; and 176-226 to very high vulnerability.
The spatial variability of four selected factors of the seven affecting vulnerability of groundwater to pollution in the study area accounted for in the DRASTIC method is presented in Fig. 3 . The purpose of this selection was to focus on presenting only those results of the study related to the most important factors. There are maps of the four selected factors that were considered to have the greatest influence on groundwater vulnerability, that is, depth to the groundwater table, the lithology of the unsaturated zone, net recharge, and type of topsoil. The presentation and analysis of the influence of terrain surface topography on the vulnerability of groundwater to pollution was omitted in this paper because the weight of this factor is the smallest.
In Fig. 3 and in the discussion of the results of this study, two DRASTIC factors regarding the natural properties of the aquifer, that is, the lithology and the hydraulic conductivity of soil or rock of the aquifer, are also omitted. Neither of these factors affect the time, velocity, or load of contaminant transported downward from the terrain surface to shallow groundwater through the unsaturated zone. These factors affect the velocity at which a contamination plume will spread in the aquifer. In other words, they affect the volume and extent of the contamination plume in the aquifer, which will occur a certain time after reaching the groundwater and migrating in the direction of the water flow. Considering that the described research concerns groundwater pollution risk assessment based on vulnerability of groundwater to pollution and potential impact of land use forms, it was accepted that both of these factors are of secondary importance and may be omitted from the graphic presentation and analysis in this paper.
Effective infiltration of precipitation, that is, groundwater net recharge, means the part of the rainfall that percolates to the saturation zone, as indicated by [34] , among others. An overview of recharge evaluation methods is given, for example by [34, 35] . One of many methods giving a spatially variable result is the Wet Spass water balance model [36] . Factors conditioning the recharge of shallow groundwater in selected catchments using the Wet Spass model with a spatially distributed parameter were identified by [35] , among others. Their study revealed, inter alia, that changes in relationships between components of water balance having similar distributions are caused by differences in the type of land usage. However, due to a lack of some of the source data needed for the Wet Spass model, in the study described herein the recharge was estimated with a simplified method, that is, the infiltration method. The infiltration method is based on the assumption that the recharge is mainly influenced by the rainfall rate and lithology of topsoil, as indicated by [37] [38] [39] , for example. Thus the estimated recharge is a derivative of the precipitation rate and effective infiltration coefficients of the soil ( Table 4 ). The data sources were a geological map of Poland at a scale of 1:50 000 from the Polish Geological Institute and data from the Institute of Meteorology and Water Management (Poland).
The analysis of the spatial relationships between the obtained result of the overall risk of groundwater pollution assessment and the main factors taken into account in this risk assessment was carried out on the basis of a graphical comparison between the spatial coverage of areas characterized by the particular resultant degrees of groundwater pollution risk and areas with particular ratings of these main factors.
Results and Discussion
The spatial variability of land use in the study area and the potential impact of land use on groundwater pollution risk determined in accordance with the authors' own adopted classification and rating (Tables 1 and 2) are presented in Fig 4a) and 4b) , respectively. The spatial variability of the vulnerability of groundwater to pollution determined in accordance with the authors' own adopted classification of the full range of the DRASTIC index calculated on the basis of all seven Soil
Effective infiltration coefficient [%]
Sand and gravel 25
Sand, gravel and loam 22
Sand, gravel and mud 20
Loess, sandy loess and silt 14
Loam 10
Clay 5 factors is presented in Fig. 4c ). The spatial variability of groundwater pollution risk determined in accordance with Formula (1) and the author's own adopted classification of groundwater pollution risk ( Table 3) is presented in Fig. 4d ). The correlation analysis of the spatial distribution of the four selected factors affecting the intrinsic vulnerability of the groundwater presented in Fig. 3 with the spatial variability of the vulnerability of groundwater to pollution (Fig. 4c ) confirmed some dependencies described in the literature on the subject. High groundwater vulnerability was observed in areas where groundwater was shallow (Fig. 3a) . The shallower the groundwater, the shorter the migration time of the pollutant mass, during which its natural attenuation may occur through biodegradation, chemical Fig. 4 . Spatial variability of land use in the study area (data source: [24] ) -a), and factors affecting the groundwater pollution risk: potential impact of land use -b), vulnerability of groundwater to pollution -c), and spatial variability of groundwater pollution risk -d). Ratings of L and V factors in accordance with Table 1 and Fig. 2 ; rating of risk (R) in accordance with Formula 1 and Table 3 . decomposition, and/or adsorption, as indicated for example by [1, 25, [40] [41] [42] .
A belt of terrain in the east-west direction with an average annual recharge rate of over 130 mm can be found in the spatial distribution of this factor (Fig. 3b ). This zone coincides with the well-permeable topsoil, which is mostly sandy (Fig. 3c) , and with sands and gravels in the unsaturated zone (Fig. 3d) . This causes the vulnerability of groundwater to pollution in this part of the study area to be very high (Fig. 4c ). Comparison of these three maps confirmed that the dependence of the influence of the topsoil type is less than that of the type of lithology of the unsaturated zone, which is indicated by the differences between their weights (2 and 5, respectively) in the DRASTIC method. A comparison of the groundwater pollution risk Fig. 5 . Spatial relationship between selected factors affecting the groundwater pollution risk and the assessed risk grade: a) depth to groundwater, b) recharge rate, c) topsoil, d) lithology of unsaturated zone. Black envelopes -explanation in the text. map (Fig. 4d ) with the map of intrinsic vulnerability of groundwater to pollution (Fig. 4c ) confirms that areas with high and moderate groundwater pollution risk are usually characterized by high and moderate vulnerability to pollution, respectively. It is also apparent that this general dependence in some sub-areas overlaps with the potential impact of land use. This can be seen in the northern part of the study area and in several small sub-areas near the southern border, where the assessment of the groundwater pollution risk indicates that these sub-areas are at low risk but their vulnerability of groundwater to pollution is moderate.
Agricultural and urban terrains dominate the study area (Fig. 4a) . As a result, the assumed classification of potential impact of land use on groundwater quality (Table 2) shows the dominance of adverse influences (Fig. 4b) . The next consequence of this fact, combined with the fact that high vulnerability of groundwater to pollution prevails in the study area, is that high groundwater pollution risk also prevails. The obtained map of this risk shows that 0.3% of the study area is characterized by very high risk, 50% by high risk, 45% by moderate risk, and 4.7% by low risk (Fig. 4d) .
The spatial relationships between the obtained result of the groundwater pollution risk assessment and the main factors taken into account in this risk assessment are presented in Figs 5 and 6. In areas where the groundwater table is shallow, the groundwater pollution risk is usually high or very high (Fig. 5a ). In areas where the mean annual effective infiltration does not exceed 75 mm, this risk is low or moderate, whereas when it is over 130 mm, the risk is high (Fig. 5b) . The presence of low-permeability soils, for example, silt, loess, or loam, slows down the downward migration of pollutants, thus lowering the groundwater pollution risk (Fig. 5d ). The analysis of these spatial relationships confirmed that the depth to the groundwater table, the recharge rate, and the lithology of soils in the unsaturated zone are important factors influencing the groundwater pollution risk. It was also confirmed that the effect of the topsoil type is much less visible (Fig. 5c ) than the impact of the unsaturated zone lithology, which results from the difference between their weights in DRASTIC.
The study also confirmed that the groundwater pollution risk is considerably conditioned by the potential impact of land use forms (Fig. 6 ). The biggest risk in the study area was created by agriculture, as arable lands constitute over 60% of the area (Fig. 3a) . Arable land is qualified as a land use form characterized by a potentially adverse impact on groundwater quality (Table 2) .
However, in some sub-areas of the study area, the spatial relationship between the obtained result of the assessment of overall risk of groundwater pollution and the main factors taken into account in this risk assessment is ambiguous. The sum of mutual interactions of values and weights of factors affecting the groundwater pollution risk is a result of the accumulative or compens ative effect of these factors' values and weights. For the particular factors, some rating values increase the evaluated groundwater pollution risk, while others lower it. In the study area, the compensation effect of some factors' ratings and weight values is most visible in the case of spatial relationships between the depth to the groundwater table and the groundwater pollution risk (Fig. 5a ). In the central part of the area, there are three zones (indicated in this figure by black envelopes) where, despite the shallow groundwater, with a depth to groundwater of less than 1.5 m (DRASTIC rating 10, weight 5), there is merely a moderate groundwater pollution risk. In these three zones, a similar effect of compensating the values of ratings of some parameters is also visible in the case of the lithology of the unsaturated zone where permeable sands with gravels occur (rating 6, weight 5) and the pollution risk is only moderate (Fig. 5d ).One of the reasons for the lower groundwater pollution risk in the indicated zones is the occurrence of semipermeable topsoils such as mollisols, humus and mud (rating 4, weight 2) ( Fig. 5c ). However, the main cause is the occurrence of areas of meadows and pastures, where no adverse impact of land use occurs, so there is a rating of 1 for this criterion in the assumed groundwater pollution risk assessment ( Fig. 6 and 4a, 4b) . Fig. 6 . Spatial relationship between potential impact of land use forms and the assessed groundwater pollution risk grade. Black envelopes -explanation in the text. Moreover, the effects the above-mentioned conditions may be partly blurred by the broad range of the DRASTIC index that is 50 scores, assumed in the classification for the four particular assumed grades of vulnerability of groundwater to pollution. However, increasing the number of degrees of vulnerability of groundwater to pollution by one will not lead to a large change: the range for a single degree will be 40 scores, which is also a wide range. Increasing the number of degrees by a larger amount also does not seem to be a good solution because it will be very difficult to clearly define how the adjacent degrees of vulnerability to pollution will differ from each other.
Despite the indicated uncertainties, the obtained result of the assessment of the overall risk of groundwater pollution in the study area was not validated by comparing this risk − at a potential character, with the currently observed empirical results of groundwater quality. The question of such validation seems be complicated and ambiguous, so there does not seem to be an obvious need for it as part of this study because it may lead to a partly false solution.
Validation usually consists in a comparative analysis to determine whether the current groundwater quality is worse everywhere in areas with a high degree of groundwater pollution risk than in areas with low pollution risk. In order to reduce any non-compliance in this comparison, it is possible (i) to fit the originally accepted ranges and/or weights of individual factors of the DRASTIC index (that is, the universal index, designed for use under any condition) to particular grades of vulnerability of groundwater to pollution and (ii) to change the number of groundwater intrinsic vulnerability grades and/or the grades of overall risk of groundwater pollution.
However, by accepting nitrates as an indicator of groundwater pollution, validation and assessment of the groundwater specific vulnerability to pollution by nitrates (only) will be performed instead of an assessment of the intrinsic vulnerability resulting purely from hydrogeological conditions. As a consequence, validation and assessment of the specific risk of groundwater pollution by nitrates (only) will be realized instead of an assessment of the overall risk of groundwater pollution by any chemical compound originating from any source.
It seems obvious that in areas with a high degree of overall and specific risk of groundwater pollution, the current groundwater quality everywhere must be worse than in areas where the pollution risk is low. This means, for example, that currently observed nitrate concentrations must be higher everywhere in areas with a high degree of overall and specific risk of groundwater pollution than in areas with low risk of pollution. If nitrate concentrations are not higher at present, then the groundwater pollution risk should be fitted accordingly by reducing it, usually by changing the factors and their weights and/or ratings.
The partial inadequacy of the indicated expectation is due to the fact that it does not take into account the possibility that fertilizer is applied on arable fields, but the total doses of mineral and organic fertilizer used do not exceed the thresholds for particular types of crops so far. This means that the whole fertilizer dose is consumed by cultivation so far and consequently nitrates do not migrate below the topsoil profile. As a result, the current groundwater quality in this area is still good, but this is not equivalent to the assumption that the overall risk of groundwater pollution in this area is and will be low. The risk of potential pollution is high because the fertilizer doses can be significantly increased at any time.
On the other hand, validation may consist in a comparative analysis to determine whether current groundwater quality is better everywhere in areas with low groundwater pollution risk than in areas with high pollution risk. If, in an area with low groundwater pollution risk, observed concentrations of the selected indicator of water quality are not lower than those in areas with a higher degree of risk, then the degree of groundwater pollution risk should be adjusted accordingly by increasing it. It seems obvious that the current groundwater quality must be better everywhere in areas with a low degree of the groundwater pollution risk than in areas where the pollution risk is high.
The partial inadequacy of the indicated expectation is due to the fact that it does not take into account the example scenario. In this scenario, the observation point of the groundwater quality is located in the forest but close to its border in an aquifer covered with loam, which isolates it from the surface, and the risk of groundwater pollution at this point as a result of anthropopressure is close to zero. The neighbouring part of the same aquifer is not isolated from the land surface, where very intensive, long-term fertilization occurs on light, sandy soil. The direction of groundwater flow with nitrates is from the area of agricultural crops to the forest. Consequently the measured concentration of nitrates at the monitoring point is similar to the concentration observed under the fertilized land. As a result, the groundwater quality at this point is permanently poor, but this is not equivalent to the assumption that the groundwater pollution risk in the entire forest area under the loam is high.
It seems, therefore, that the subject of the validation methods and the criteria of research results similar to those presented in this paper are ambiguous and still require a separate in-depth and multifaceted analysis.
To obtain a more precise risk assessment of groundwater pollution that would be better fitted to the specific character of land use, attempts should be made to work out a quantitative method of performing this risk evaluation. This method should merge the quantitative evaluation of the potential impact of land use forms with quantitative assessment of the intrinsic vulnerability of groundwater to pollution. The quantitative estimation of the impact of industrial land use should be based on a risk analysis of accidents at industrial facilities, leakage from urban sewers and waste disposal sites, and the like. The risk of agricultural impact, that is, mainly fertilizer application, should be evaluated by the method of balancing the predicted nitrogen load contained in the predicted total doses of mineral and organic fertilizers with the nitrogen demand of particular types of agricultural crops grown on a given topsoil type.
The intrinsic vulnerability of groundwater should be quantitatively assessed using a method based on the mean residence time (mean travel time) of conservative pollutants in the unsaturated zone, as already applied by [40] [41] [42] [43] [44] , for example.
Conclusions
The study confirmed that particular degrees of groundwater pollution risk and their spatial variabilities are a result of the interaction of values and weights of major factors affecting the vulnerability of groundwater to pollution that are taken into account and additional interaction with the potential impact of land use.
The assumed method of qualitative assessment of groundwater pollution risk, which employed the intrinsic vulnerability of groundwater to pollution and the potential impact of land use forms, together with the proposed classification of groundwater pollution risk, made it possible to determine areas of high risk of groundwater pollution in the study area in an effective manner. The assumed classification of the potential impact of major forms of land use on groundwater quality may be further extended as part of future research by considering a more extensive set of sources of groundwater pollution.
Presentation of the spatial relationships between selected factors affecting the groundwater pollution risk and the assessed degree of this risk in a graphical manner allows for a better understanding and more thorough analysis of the reasons why the resultant spatial distribution of this risk was obtained.
The map of groundwater pollution risk based on the proposed method and classification of groundwater pollution risk could help with land use management on a local scale, leading to targeted measures to protect groundwater quality, for example by limiting fertilizer doses in agricultural areas.
